Crow's viral hypothesis of schizophrenia proposes that psychosis may be the result of mutagenesis caused by viral integration or transposition in human genomic DNA. Molecular genetic techniques can be used to systematically investigate this hypothesis. In a study of genomic lymphocyte DNA unexpected DNA polymorphisms which were probably insertions and deletions were found in specific human genomic retroviral (proviral) related sequences. However these changes were found exclusively in normal Icelandic individuals and are probably of evolutionary origin. The extent to which human retroviral insertion and deletion has taken place and the mobility of such sequences will help in understanding their evolutionary origin and might provide a source of polymorphic marker sequences that could be used in genetic linkage studies of disease.
Introduction
Transmissible agents such as retroviruses can mimic genetic disease' and it has been suggested that schizophrenia and manic depression could be caused by either retroviral integration or retrotransposon reintegration into the human genome2'3. DNA sequences transcibed from an RNA virus genome can become integrated into a human chromosome and after this they are then called proviruses. Such integration usually happens randomly at many loci and can be in somatic as well as in germ line cells4. If the latter was the case then any mutation caused by the presence ofthe provirus would be transmitted from one generation to the next.
Retroviruses are but one type of mobile genetic element (transposons) that have been reported in prokaryotes, plants, yeast and drosophila5. Such endogenous viruses are genetically stable and are inherited in a Mendelian fashion. The reason for their presence in the DNA of vertebrates has never been understood. Their biological function and their adaptive role in evolution is largely unknown5. Their role in vertebrate development and their mechanism of amplification within genomes is also obscure. Although endogenous retroviruses (proviruses) are not necessarily pathogenic by themselves, they seem to act like 'transposable elements', which, when activated, can recombine with other cellular genes, and reintegrate into new chromosomal locations.
Retroviruses can induce tumours by two basic mechanisms. Firstly, when an oncogene is incorporated into a retrovirus it becomes expressed after the retrovirus has infected a cell. Secondly, when viral DNA is integrated adjacent to a cellular oncogene, the promoter sequences in the termini of the integrated virus can activate the oncogene. The ability of retroviruses to recombine and to promot-e transcription of certain cellular transforming genes has led to intensive analyses of these genetic loci6.
A retroviral genome consists of single stranded RNA. This is converted into a duplex DNA copy, which can be inserted into the host genome by a transposon-like event. A typical retrovirus contains 3 genes, the order of which is gag-pol-env. The gag gene codes for the protein components of the nucleoprotein core of the virus. The env gene encodes components of the envelope of the particle, and the pol gene specifies the enzyme reverse transcriptase which converts the RNA genome into complementary DNA strands. The integrated proviral DNA is transcribed by the host machinery to produce viral RNAs, which serve as messenger RNAs. The viral RNA has repeats at its ends (LTR or long terminal repeat segments). Following the LTR segment at one end ofthe gene there is the U5 region, which is unique to that end. Similarly, there is a U3 region at the other end of the gene.
As a result of the ability of the retrovirus to integrate into host DNA and become part of the host genome, most mammals have accumulated tens or hundreds of integrated retroviral sequences. These are often highly reiterated in the hosts' genome. For example proviruses comprise 0.4% of the mouse genome. Some normal cells have been shown to express endogenous retroviral gene transcripts from several genetic loci. These loci may represent nondefective proviral sequences (encoding the virus) or defective proviral sequences which may expresspol and env RNA. For example it has been suggested that the cell surface expression of retroviral envelope glycoproteins during normal mouse development either protects the host against exogenous viral infection or is involved in normal cellular differentiation.
Until recently the only transposon-like sequences reported for mammalian organisms were closely related to retroviruses. However, more recently Paulson et al7 have cloned a DNA sequence found in the human genome that has many of the features of transposable elements. This 2.3 kilobase transposonlike sequence contains two flanking long terminal repeat (LTR) sequences which bear a relationship to the LTR sequences found in retroviruses. Some elements of the sequence, rather intriguingly, bear a strong homology to the so called brain specific identifier (ID) sequences that may signpost genes which demonstrate brain specific gene expression8.
It will eventually be possible to use cloned DNA sequences of all of these interesting mobile genetic elements tosearch for mutations that might predispose to mental illness. In the experiments described below cloned ERV3 proviral sequences and a mouse mammary tumour virus LTR sequence were used as hybridization probes in restriction mapping experiments that were capable of detecting insertions and deletions of proviral sequences.
Methods
The probes employed were cloned human genomic sequences homologous to the ERV3 provirus9. The two genomic clones that were employed encoded the gaglpol (inner capsid/reverse transcriptase) and env (envelope protein) genes ofthe ERV3 provirus. A third sequencethe LTR region of the mouse mammary tumour virus was also used'0. The clones were used as hybridization probes to visualize the length of DNA fragments containing retroviral related sequences that were produced by cutting with restriction enzyme digests of human lymphocyte DNA. In the human genome only a single copy ofthe ERV3 gene has been found to hybridize to this probe. However, less closely related sequences appear after hybridization at lower stringencies and the experiments described below were carried out at hybridization stringencies that enabled visualization of many distinct repeated proviral related sequences. Experiments with genomic DNA from normal manic depressive and schizophrenic individuals confirmed this.
DNA was extracted from blood samples obtained from patients diagnosed as having definite schizophrenia and bipolar disorder according to Research Diagnostic Criteria5. The DNA was digested with a selection of 10 restriction enzymes prior to separation by agarose gel electrophoresis according to methods similar to those described by Feder et aL 11. The DNA was then transferred to filters by Southern blotting before hybridization with the two p32 nick translated ERV3 genomic probes.
Autoradiographs enabled the size of restriction fragments present in individuals to be visualized. The method, known as restriction mapping, enables insertions and deletions in the DNA of individuals that are greater than 500 base pairs long to be detected.
Results
The restriction fragments observed in 10 schizophrenic and 10 bipolar patients as well as 10 normal subjects showed variation that was independent of diagnosis. With the env clone and the restriction enzymes Pst I and Bgl II consistent differences were found in DNA fragments about 2-3 kilobases in length. An absent DNA fragment was found with both restriction enzymes in all the Icelandic individuals tested regardless of diagnosis. The fact that the same DNA polymorphism was found with two enzymes indicates that either the two restriction sites are in close linkage disequilibrium with each other or that they have both been deleted and inserted together in a common genomic fragment. The presence of an insertion deletion in Icelandic subjects alone may indicate an evolutionary origin for this phenomenon.
Discussion
As a result of the ability of retroviruses to integrate into host DNA, and become part ofthe genome, most mammals have accumulated hundreds of integrated retroviral sequences'2. In this report, only sequences with homology to ERV3 and MMTV have been investigated. This ERV3 retrovirus retains the typical LTR gag-polenv LTR gene order of typc-retroviruses.
The ERV3 probes themselves were obtained by screening a human genomic DNA library using a nick translated fragment of a chimpanzee genomic clone9: with the exception of an additional Pvu II site in the human clone, the chimpanzee and human clones were identical indicating that they are closely related in terms of evolution. Thus it has been suggested that this apparently single copy viral sequence was present in the common ancestor of man and chimpanzee9.
It is known that the ERV3 provirus resides at a single locus in the human genome on chromosome 79. From the experiments reported above it seems unlikely that extensive integration has occurred in the human species in recent evolutionary times otherwise a more variable pattern of restriction fragments would have emerged. It can be concluded therefore that at this particular proviral locus and in related sequences there is no genomic DNA abnormality such as an insertion or deletion greater in length than 500 base pairs that could be contributing to schizophrenia and manic depression.
The retroviral hypothesis of psychosis has some attraction, superficially at least, because schizophrenia and manic depression do not behave very obviously as single gene disorders. This is possibly because such factors as reduced family size and age of onset variation tend to obscure any clear Mendelian pattern of inheritance. Crow has also used the retroviral theory to explain the fact that concordance in schizophrenic identical twins is less than 100%. There are however two specific aspects ofthe hypothesis that cannot easily be accommodated. One of these is the question as to exactly which stage of development on an evolutionary or individual time scale integration or reintegration has taken place. If it is on an evolutionary time scale then there is ample scope for the strong familial recurrence of schizophrenia to be explained. If integration and mutagenesis has to occur frequently and within one generation then the theory becomes less plausible. A second issue is the proposition that the integration is site specific, affecting a cerebral growth factor gene in the same way that retroviruses can cause transformation by integrating near cellular oncogenes. It is known that the site of retroviral integration in vitro and in vivo is probably random and therefore de novo mutations in brain tissue causing schizophrenia would be rare chance events. A molecular genetic approach to schizophrenia involving the use of proviral and retroposon sequence clones as linkage markers in multiply affected families appears the one most likely to yield results'3"14. However, experiments of the sort that have been described above can be accomplished quite quickly when there is a specific hypothesis to test concerning a gene that has already been cloned.
